In the last three decades, pulsed high voltage discharge technology has offered promising techniques for the treatment of wastewaters released to the environment by industry. A significant effort has been directed towards understanding the processes that occur during the discharge of solutions for a variety of reactor configurations. This review presents the disadvantages and advantages of different reactors based on discharge phase. Detailed information is also provided on the principals used in each technique and the advantages and disadvantages associated with each method. Finally, a discussion on the different discharge areas is presented.
1.0 INTRODUCTION
Water polluted with phenol has concerned many scientists due to its harmful impact on human life. The phenols can easily penetrate through natural membranes, causing a broad spectrum of genotoxic, mutagenic and hepatotoxic effects [1] . Conventional methods of wastewater treatment, which are based on chemical, physical and biological processes, possess some defects, such as the dissipation of cost and time, the difficulty in decomposing some pollutants and the need for large facilities, which makes the need for more advanced technologies unavoidable. Research began in the 1980s [2] [3] , which revealed that the unique characteristics of pulse discharge plasma made it one of the more advanced oxidation processes (AOP) compared with conventional methods. The advantages of this technology include: the removal of several pollutants simultaneously, operation at ambient pressure and temperature, highly efficient destruction and no selection for contamination, which have made it potentially highly suitable as a new method to meet the requirement for a more efficient and complete water purification system. The non-thermal plasma produced in water and aqueous solutions by pulsed high voltage discharge efficiently causes a variety of effects, such as ultraviolet radiation, shock waves, high electric fields and the generation of chemically active species. Decomposition of phenol in aqueous solutions was studied by Sharma et al. [4] using pulsed streamer discharge. Highly active species, formed in the solution to be treated, completely oxidise the organic and oxidisable inorganic materials to water and carbon [5] . Degradation of phenol in water using electrical discharge has been studied in many works [6] [7] [8] [9] demonstrating different abilities of purification for a variety of reactors. However, a review on the effectiveness and efficiency of different types of discharging area for contaminant removal has never been done. Generally, the discharging area can be divided into three categories based on the different configurations of reactors and electrodes, which are: the gas-phase electrical discharge [10] [11] , the liquid-phase electrical discharge [12] and the gas-liquid electrical discharge [13] [14] . Each of these phases is able to work in a different status: the glow discharge, the corona discharge, the arc discharge and the dielectric barrier discharge [15] . In the present paper, we reviewed different methods for phenol removal from water based on different discharge areas.
2.0 PHENOL REMOVAL
Phenol, a mildly acidic toxic white crystalline solid obtained from coal tar and used in chemical manufacture and in a diluted form (under the name carbolic) as a disinfectant, is believed to be decomposed into dihydroxy benzene as a ring-retaining product. The reaction, illustrated in Figure 1 and Figure 2 , shows that phenol initially decomposes to short chain acids and then decomposes to water and carbon dioxide. There is another pathway for the decomposition of phenol by oxidant radicals in the liquid-phase, which is demonstrated in the following reaction [16] .
Figure 1
Decomposition of phenol by oxidant radicals in liquid-phase [16] Catechol, benzoquinone and 2-nitrophenol with trace amounts of organic acid products are the main by-products of phenol decomposition. Wang et al. [17] and Lukes and Locke [18] investigated the mechanism of phenol oxidation in their studies. The attack of the hydroxyl radical on the aromatic ring is the first step of phenol degradation and proceeds by phenol oxidation to 1, 2-dihydroxybenze or 2-nitrophenol and then to quinines (4-benzoquinone, 2-nitroxy-1 and nitrohydroquinone) [16, 19] . 
3.0 GAS-PHASE ELECTRICAL DISCHARGE
Degradation of phenol in water by gas-phase electrical discharge has been studied in a wide range of studies [13] [14] 20] considering the effects of gas injection rate, solution conductivity, solution PH and discharge energy.
Erosion of the discharge electrode in the liquid phase proceeds easily, which results in higher amounts of consumed energy; hence, higher decomposition efficiency and lower erosion of discharge electrodes could be attained by use of an optimised reactor [21] .
Figure 3
Different possible reactor configurations to be used for gasphase discharge: (a) needle-to-plate, (b) mesh-to-plate, (c) multiple needle-to-plate, (d) wire-to-plate, (e) wire-to-cylinder [22] Li et al. [19] and Sato et al. [23] used a stainless steel mesh covered by a ceramic tube as their discharge electrode and the ground electrode was submerged in water. The radical, such as 3 , − and • are formed in a separated area from the liquid phase and then they are transferred through the pores of a tube to be diffused into water. Production of discharge plasma by this method protects the discharge electrode from erosion while the conductivity of the aqueous solution has little effect on the phenol decomposition rate. M. Dors [22] used different plasma injection for water treatment, shown in Figure 3 . While, Yan et al. [20] used a gas-phase reactor, shown in Figure 4 ., to remove phenol from water. Their reactor consists of a ceramic-covered tungsten wire as the discharge electrode and a stainless steel mesh outside the tube as the ground electrode. The illustrated schematic diagram (Figure 4) shows that the reactor includes a plexiglass cylinder discharge reactor, oxygen source and pulse power generator. The ceramic tube contains 97% alumina and was made of linearity ceramic. The discharge electrode in the gas phase is a tungsten wire located in the middle of a ceramic tube and the ground electrode is a stainless steel mesh tightly attached to the inner wall of the reactor vessel in the liquid phase. Pulsed power is applied to the discharge electrode in gas in the ceramic tube when it is filled with gas. The pulse power supply has an adjustable output, a tank capacitor, a rotating spark gap switch and an adjustable pulse-forming capacitance. 
4.0 LIQUID-PHASE ELECTRICAL DISCHARGE
According to the location of the electrodes, in liquid-phase reactors the discharge electrode is fully submerged in the aqueous solution, which leads to direct contact with the contaminant. Higher decomposition efficiency of pollutants and also higher electrode erosion are advantages and disadvantages, respectively of this kind of reactor, Kunitomo and Sun [24] examined three different types of reactors positioned in the liquid phase, which were rod-rod, rodplate and wire-cylinder electrode constructions, to investigate the best reactor configuration. Figure 5 shows the rod-plate electrode configuration where the electrodes are placed in the centre of a 6l reactor at a distance of 40 mm. The cathode plate can easily be exchanged with the rod electrode. Figure 6 shows a schematic diagram of the wire-cylinder reactor where the cathode and the wire anode are placed along the same axis. 
5.0 HYBRID GAS-LIQUID ELECTRICAL DISCHARGE
Previously, for the treatment of liquid organic compounds, generally two reactor configurations were used. The first type consists of high voltage needle electrodes and stainless steel planar ground electrodes, which are fully submerged within an aqueous solution [4, 10, [25] [26] [27] . In this type of electrical discharge, active species are generated within the liquid phase. Point electrodes above the surface of the water and ground electrodes placed inside the liquid or below the liquid phase is the configuration of electrodes for the second type [28] [29] . The second type leads to only gas-phase discharge. In addition, several studies examined oxygen injection through submerged hollow needle electrodes [10] . The amount of produced hydrogen peroxide for this configuration was suppressed compared with the case without bubbling gas for the same electrode arrangement, although oxygen injection through the submerged needle electrodes results in the formation of ozone [30] . High voltage electrical discharge in foam is another novel system for forming ozone in the gas and hydrogen peroxide in the liquid [31] [32] .
Figure 7
Electrode configurations: (a) discharge and ground electrodes are under the surface of water (liquid phase reactor), (b) Discharge and ground electrodes are under and above the surface of water, respectively (gas-liquid phase reactor) [32] Gas-phase discharge can be used to form ozone and oxygen radicals in the gas and near the interface and also liquid-phase electrical discharge can be used to form hydroxial radicals and hydrogen peroxide in the liquid. Figure 7 shows another novel method made an attempt to combine the advantages of gas and liquid phase discharge to propose a more efficient system in such a way that the high voltage electrode is submerged in water and the ground is positioned in the gas phase. Hybrid gas-liquid electrical discharge involves high voltage electrical discharges in water and in the gas phase above the water surface at the same time, producing extra OH radicals in the liquid phase and ozone formation in the gas phase, which finally leads to decomposition into the liquid [32] [33] [34] . To enhance Fenton's chemistry and also to speed up absorption and surface-phase reactions, iron salts and activated carbon, respectively can be used because their effects on liquid-phase phenol decomposition in the hybrid gas-liquid reactor have been reported [32] .
Kusic et al. [35] constructed hybrid reactors, shown in Figure  9 , for phenol treatment. Standard-reference, hybrid-series and hybrid parallel are three different reactors. In the series configuration, a high voltage electrode and ground electrode are placed in the liquid and gas phases, respectively. In series configuration, streamer discharge is formed in the liquid phase and proceeds to the gas phase by an intense plasma channel above the surface of the water. Parallel configuration has two high voltage electrodes with parallel connections placed in the gas and liquid phases. A gas-phase high voltage electrode is made of reticulated vitreous carbon (RVC) as is the ground electrode. A more detailed description is presented by Lukes et al. [33] . Due to the possibility of simultaneous formation of both gas and liquid phase reactive species, both types of reactors have been studied frequently. These kinds of reactor configuration have been established for the treatment of nitrobenzene [36] [37] and organic dyes in water [38] .
6.0 DISCUSSION
Electrical discharge in liquid or gas-liquid phases has higher efficiency due to the direct contact with the solution to be treated but the amount of generated plasma is affected by the conductivity and uniformity level of the gas-liquid phase [21, 39] . Conductivity of industrial wastewaters is very high, leading to a reduction in discharge current and energy efficiency and an increment in conduct current. Hence, liquid-phase reactors could not decompose contaminant effectively [40] . Unlike Wang and Quan [21] and Chen et al. [39] , solution conductivity variation has little effect on the decomposition rate in gas and gas-liquid phase electrical discharges.
Figure 8
Effect of solution conductivity on decompostion rate of gas and gas-liguid reactors [19] [20] Figure 8 shows a comparison between decomposition rates of gas and gas-liquid phase reactors. It can be seen that variation in solution conductivity has a little effect on decomposition rate of both gas and gas-liquid phase reactors but it can be found that the decomposition rate of the gas-liquid phase reactor is much higher than that of the gas-phase reactor. Figure 9 Schematic diagram of three reactor configurations [33] Figure 10 depicts the change of decomposition rate for both gas and gas-liquid reactors under different pH values. It can be deduced from the plot that the decomposition rate was lower in the acidic condition than in the basic condition with pulse discharge [41] [42] . The reason for this result is that in the basic condition the ozone produced in the solution can be easily transformed into •OH, which possesses stronger oxidation capability than ozone, leading to higher decomposition efficiency [43] .
Figure 10
Effect of PH variation on decompostion rate of gas and gasliguid reactors [19] [20] 7.0 CONCLUSION Increasing population and consequently the increment in production of wastewater by different human activities have caused clean water to become critically important for the survival of our planet. Drawbacks in current water purification systems demand more cost effective, compact and efficient technologies. The present study reviewed the development of previous and current reactor electrode configurations that can be used to decompose phenol within aqueous solutions.
New technologies effectively replace traditional concepts. Gas-liquid phase electrical discharge produces hydrogen peroxide in water and ozone in the gas phase. Generated ozone in the gas phase results in higher concentrations of reactive species in the liquid phase. Comparison of data shows higher efficiency for hybrid gas-liquid phase discharge than has been seen previously for gas and liquid phase electrical discharge. Various key issues and challenges need to be addressed for a more complete understanding of the mechanisms in such reactors.
